Treatment of sterically highly shielded terminal alkynes, H-C≡C-aryl, with dialkylaluminium and dialkylgallium hydrides, R 2 E-H, afforded by hydrogen release dimeric dialkylelement alkynides with a four-membered E 2 C 2 heterocycle independent of the bulk of the aryl groups. A rare example of a monomeric alkynylaluminium compound was only obtained with very bulky CH(SiMe 3 ) 2 groups attached to the metal atoms and by salt elimination reaction. The steric shielding by the bulky aryl groups did not prevent condensation reactions. Hydroalumination of 1-(trimethylsilyl)-2-(2,6-dimethylphenyl)ethyne using Me 2 Al-H resulted in a divinyl compound by elimination of trimethylaluminium.
Introduction
Hydroalumination and to a smaller degree hydrogallation reactions are important tools in organic synthesis and have often been applied for the regioselective reduction of unsaturated compounds with double or more importantly triple bonds by element hydrides R 2 E-H (E = Al, Ga) [1 -9] . The organic products are usually obtained after hydrolytic work-up and typically the organometallic intermediates are not isolated. The intermediate hydrometalation products have recently attracted considerable attention, and it was shown that the underlying chemistry is much more complex and interesting than postulated from the constitution of the isolated products after hydrolysis [10] . It was shown that the reaction of sterically unhindered alkylaluminium alkynides R 2 Al-C≡C-R with dialkylaluminium hydrides R 2 Al-H led via dismutation and elimination of R 3 Al to carbaalanes which contain clusters of aluminium and carbon atoms with delocalised Al-C bonding interactions similar to the closely related carbaboranes [11 -14] . The related reactions of the corresponding gallium analogues were found to similarly yield compounds with a Ga 6 C 4 heteroadamantane backbone and localised Ga-C bonds [15] . The hydroalumination and hydrogallation of phenyl-centred tert-butylalkynes C 6 H 6−n (C≡C-CMe 3 ) n (n ≥ 2) with more than one alkyne group resulted in the case of sterically shielded dialkylelement hydrides in the elimination of ER 3 and the formation of cyclophanelike condensation products while less shielded hydrides gave one-dimensional coordination polymers of the simple addition products [10] . The reactions of Ph-C≡C-CMe 3 and phenyl-centred trimethylsilylalkynes C 6 H 6−n (C≡C-SiMe 3 ) n (n = 1 -4) did not result in condensation under mild conditions [10] . Hydrometalation of alkynes affords in the first step the kinetically favoured cis-addition products which have E and H atoms on the same side of the double bond and rearrange in the absence of steric hindrance to the thermodynamically more stable trans-products (E and H trans to each other) [16] .
Dialkylelement alkynides R 2 E-C≡C-R are accessible on facile routes by the reaction of R -C≡C-H with R 2 E-H or R 3 E by elimination of H 2 or HR [17 -19] . This method works well for relatively acidic alkynes such as Ph-C≡C-H at low temperatures, while hydroalumination is observed as a competing reaction with less acidic alkyl-or trimethylsilylethynes [20] . For these substrates, or for those with the sterically Scheme 1. Structural motifs of dimeric dialkylaluminium alkynides.
demanding substituent R = CH(SiMe 3 ) 2 , salt elimination by treatment of R -C≡C-Li with Cl-ER 2 is the preferred method [17 -19] . With very few exceptions these alkynides are dimeric in the solid state with two aluminium or gallium atoms bridged by the terminal carbon atoms of two alkynido groups. Their structures may be classified in two types A and B (Scheme 1) [17 -19] . Type A is found in the absence of steric crowding for small substituents R, and type B for bulky substituents R. An intermediate type of structure that is somewhere between A and B was recently described for alkynides with an 1,8-diethynylanthracene backbone [21] .
The present paper describes the reaction of sterically encumbered aryl-and aryl(trimethylsilyl)ethynes with element hydrides HER 2 . Within the scope of this study were the synthesis of sterically highly shielded aluminium and gallium alkynides, the influence of the substituents on the structures, in particular with respect to the formation of monomeric species, and the modes of reactivity with the possible generation of new types of carbaalane clusters or unsaturated heterocyclic compounds by hydrometalation and condensation.
Results and Discussion
The dialkylelement alkynides [R 2 E-C≡C-R ] 2 1a-1f were easily accessible in moderate to high yields at room temperature from the reaction of the corresponding arylethynes R -C≡C-H with hydrides R 2 E-H in a stoichiometric 1 : 1 ratio [(i), Eq. 1]. As a result of the comparatively high acidity and the steric bulk of the acetylenes, low reaction temperatures were not necessary to prevent competing hydroalumination or -gallation reactions (c. f. refs. [17 -19] ). In case of the extremely shielded supermesitylacetylene 2,4,6-(Me 3 C) 3 C 6 H 2 -C≡C-H independent of the stoichiometric ratio of the reactants only partial H 2 elimination was observed resulting in adducts (2) of the initially formed alkynide and excess hydride [(ii), Eq. 1]. Two metal atoms are bridged by one alkynide and one hydride anion. For the relatively bulky dineopentyl derivatives (E = Al, Ga) 2a and 2b no further reaction was observed even when the reaction time was extended or the temperature raised. Prolonged heating of 2b in the presence of an excess of (Me 3 CCH 2 ) 2 Ga-H to 70 • C resulted in the gradual formation of elemental gallium. In contrast, the adducts with the less bulky Et 2 Al or iBu 2 Al groups reacted further to yield over the course of several days the alkynides 1f and 1g [(iii), (i), Eq. 1]. The less reactive Et 2 GaH required refluxing in benzene to give the alkynide 1h. The bulky (Me 3 C) 2 Al-H behaved again differently, and an intermediate element hydride adduct analogous to 2 was not observed. Instead prolonged stirring at room temperature resulted in the formation of compound 3 that features a bridging and a terminal alkynide group (Eq. 2), formed by hydrogen and concomitant isobutane elimination. Previous investigations have shown the sterically demanding dialkylaluminium hydride [(Me 3 Si) 2 -CH] 2 Al-H to react even with relatively acidic alkynes such as Ph-C≡C-H exclusively by hydroalumination [22] . The sterically encumbered alkynide 4 was therefore synthesised using the salt elimination route (Eq. 3), which has previously been successful in the preparation of alkynides that carry the Al[CH(SiMe 3 ) 2 ] 2 substituent [17 -19] .
The new dimeric alkynides [R 2 E-C≡C-R ] 2 1 have type B structures in the solid state with symmetrically bridging alkynide anions connecting two metal atoms via E-C-E 3c-2e bonds. In the related compounds 2 and 3 one of the alkynide groups is replaced by a bridging hydride anion. This is evident from a modest lowering of the ν(C≡C) stretching frequency in the IR spectrum (by 50 to 100 cm −1 ) of the bridging C≡C-R group as compared to terminal alkynyl groups (Table 1 , c. f. compound 3), type A alkynides (Me 2 Al-C≡C-Ph 2089 cm −1 [11] ) or terminal alkynes (Ph-C≡C-H 2119 cm −1 , [23] ). The different structural motifs may be recognised in the 13 C NMR spectrum by a larger (except compound 1e) difference (≥ 30 ppm) between the chemical shifts of the carbon atoms of the C≡C triple bond as compared to type A compounds (≤ 30 ppm) with the signal of the metal bound carbon atom being shifted significantly to higher field in comparison to that of the carbon atom bound to the substituent R . In terminal fragments, monomeric compounds (c. f. compound 4 and ref. [17 -19] ) or terminal alkynes [24, 25] the difference is usually much smaller. The characteristic shifts δ ( 1 H) of the bridging hydride anions in compounds 2 and 3 are found between δ = 3 and 4. Further NMR parameters are summarised in Table 1 . Compound 3 is fluxional in solution with the terminal and bridging alkyne fragments and one tBu group on each Al atom rapidly ex- Table 2 . Selected structural parameters (pm, deg) of compounds 1-4. Figs. 1, 2 and 3) . The alkynide/hydride anions are bridging the metal atoms symmetrically with approximately equal bond lengths between the anions and the metal atoms. The angles in the ring are close to 90 • with the CE 2 angles being only slightly smaller than the corresponding endocyclic EC 2 angles at the metal atoms and significantly different from the larger (117 -132 • ) exocyclic ER 2 angles. As expected, the exocyclic E-C bonds are much shorter than the endocyclic 3c-2e E-C bonds. For steric reasons the planes [27, 28] ). The overall geometry and the bond lengths are in good agreement with typical type B structures published previously [17 -20, 29, 30] .
Interestingly, the extreme steric shielding of the ethynyl moieties by the bulky aryl groups does not influence the structures of these alkynides, and the usual dimeric formula units were observed in all cases. It was only the very bulky CH(SiMe 3 ) 2 substituent attached to the aluminium atom of compound 4 ( Fig. 4 ) which prevented dimerisation resulting in the formation of a rare example of a monomeric alkynide similar to related examples with the same substituent [17 -19] . The three-coordinate aluminium atom is in a planar configuration (sum of angles 360 • ) and has much shorter Al-C bonds (Table 2 ) than those found in the dimeric species with four-coordinate aluminium atoms discussed above. The Al-C distances are different with Al-C(sp) bonds (191.7(2) pm) expectedly being shorter than Al-C(sp 3 ) bonds (194.4(2) pm).
The reaction of arylsilylethynes, R -C≡C-SiMe 3 (R = aryl), with R 2 E-H has been investigated in some detail and was shown to lead in most cases to the respective simple addition products [16 -19, 31, 32] . To investigate the influence of steric bulk on the course of this reaction, 2-iPrC 6 H 4 -C≡C-SiMe 3 was treated with (Me 3 C) 2 E-H (E = Al, Ga). While the reaction proceeded smoothly at room temperature in case of the aluminium hydride to give the corresponding kinetically favoured cis-addition product (Eq. 4), the less reactive gallium hydride required a double molar excess of hydride and refluxing in hexane for three days to yield the respective gallium derivative (Eq. 4). Reducing the steric bulk of the aluminium hydride using Me 2 AlH and increasing the reaction temperature (three days reflux in hexane) changed the course of the reaction considerably and yielded the condensation product 6 that is likely generated from the initial hydroalumination product by elimination of AlMe 3 (Eq. 4). The extended heating at higher temperature also led to an isomerisation of the cis-addition products to the thermodynamically more stable E-products in which the vinylic H and Al atoms are in trans positions to each other. Similar dismutation reactions between Me 2 E-H (E = Al, Ga) and alkynes have been observed previously [16] .
The configuration at the double bonds in solution is evident from the characteristic 3 J Si−H coupling constants [16] which are consistent with the formation of Z(5a)/E(5b)-(J Si−H ca. 20 Hz; Si trans to H) and Eisomers (6, J Si−H ca. 12.5 Hz; Si cis to H). This was confirmed by the solid-state structures (Figs. 5 and 6). All compounds are monomeric with a planar threecoordinate metal atom (Σ of angles 360 • ; Table 3 ) and nearly planar alkene fragments. Compounds 5 follow the expected trend with E-C(sp 2 ) bond lengths being shorter than the corresponding E-C(sp 3 ) distances. Surprisingly this trend is reversed in case of compound 6 probably caused by the increased steric bulk in these compound (c. f. [31, 32] ). Other bond lengths and an- Table 3 . Selected structural parameters (pm, deg) of compounds 5-6.
199. gles are unexceptional and may be compared to those of previously described related aluminium and gallium derivatives [31 -33] .
We have synthesised a large number of different dialkylaluminium and dialkylgallium alkynides with bulky substituents bound to the ethynyl groups. Independent of steric shielding, dimeric compounds were formed in which two metal atoms are bridged by two alkynido groups. A rare example of a monomeric dialkylaluminium alkynide was only obtained with two bulky CH(SiMe 3 ) 2 groups bound to aluminium. This observation clearly underscores that the bulkiness of the substituents at aluminium is much more important for the resulting structure than the substituents at the ethynyl group which obviously are too far from the coordinatively unsaturated aluminium atoms to prevent dimerisation via donor-acceptor interactions. However, the secondary reactions with excess dialkylaluminium hydrides are influenced, and in no case did we observe the addition of an Al-H bond to the C≡C triple bonds of these aluminium alkynides. Also the reactions of trimethylsilylarylethynes with dialkylaluminium hydrides do not depend on steric shielding and result in the products of the expected hydroalumination or the thermally induced condensation.
Experimental Section
All procedures were carried out under an atmosphere of purified argon in dried solvents (n-hexane, cyclopentane and n-pentane with LiAlH 4 ; benzene with Na, 1,2-difluorobenzene and pentafluorobenzene with molecular sieves). NMR spectra were recorded in C 6 [47] (synthesised from EtLi and GaCl 3 ), was isolated in high yield from the reaction of commercially available ZnEt 2 (Sigma Aldrich) and GaCl 3 (see below). Et 2 AlH and iBu 2 Al-H were purchased from MOCHEM GmbH, Marburg, Germany, and used without further purification. The assignment of NMR spectra is based on HMBC, HSQC and DEPT135 data.
Improved synthesis of Et 2 GaCl
A solution of ZnEt 2 (36 mL, 36 mmol, 1 M in hexane) was added dropwise to a solution of GaCl 3 (6.34 g, 36 mmol) in hexane (20 mL) at room temperature. The reaction mixture was heated and stirred under reflux conditions for 2 h. The precipitated ZnCl 2 was removed by filtration, the filtrate was collected and the solvent removed in vacuo to yield Et 2 GaCl as a pale-yellow, analytically pure liquid. Yield: 5.88 g (100 %). -1 H NMR: (400 MHz, C 6 D 6 ): δ = 0.80 (q, 3 J H−H = 8.0 Hz, CH 2 , 4 H), 1.18 (t, 3 J H−H = 8.0 Hz, CH 3 , 6H) [46] .
Synthesis of (Me 2 Al-µ-C≡C-2,6-Me 2 C 6 H 3 ) 2 , 1a
A solution of HC≡C-2,6-Me 2 C 6 H 3 (0.451 g, 3.47 mmol) in n-hexane (10 mL) was added at room temperature to a solution of Me 2 AlH (0.201 g, 3.47 mmol) in n-hexane (10 mL), and the mixture was stirred for 22 h and then concentrated and cooled to 
Synthesis of [(Me 3 C) 2 Ga-µ-C≡C-2-iPrC 6 H 4 ] 2 , 1d
A solution of (Me 3 C) 2 GaH (0.782 g, 4.23 mmol) in nhexane (10 mL) was added at room temperature to a solution of HC≡C-2-iPrC 6 H 4 (0.589 g, 4.09 mmol) in n-hexane (10 mL), and the mixture was stirred for 21 h and then con- 
Synthesis of [(Me 3 C) 2 Al-µ-C≡C-2,4,6-iPr 3 C 6 H 2 ] 2 , 1e
A solution of (Me 3 C) 2 AlH (0.464 g, 3.27 mmol) in nhexane (20 mL) was added at room temperature to a solution of HC≡C-2,4,6-iPr 3 C 6 H 2 (0.720 g, 3.16 mmol) in nhexane (15 mL), and the mixture was stirred for 22 h. 
Synthesis of [Et 2 Al-µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ] 2 , 1f
Et 2 AlH (0.128 g, 1.49 mmol) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 C 6 H 2 (0.401 g, 1.49 mmol) in n-pentane (10 mL), and the reaction mixture was stirred for three days. The solvent was removed in vacuo, and the residue was recrystallised from 1,2-difluorobenzene at 2 • C to yield colourless crystals of compound 1f. Yield: 0.451 g (86 %); the product 1f may contain the alkyne as an impurity. 
Synthesis of [Et 2 Ga-µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ] 2 , 1h
A solution of HC≡C-2,4,6-(Me 3 C) 3 
Synthesis of [(Me 3 CCH 2 ) 2 Al] 2 (µ-H)[µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ], 2a
A solution of (Me 3 CCH 2 ) 2 AlH (0.342 g, 2.01 mmol) in n-pentane (20 mL) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 
Synthesis of [(Me 3 CCH 2 ) 2 Ga] 2 (µ-H)[µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ], 2b
A solution of (Me 3 CCH 2 ) 2 GaH (0.342 g, 1.61 mmol) in n-hexane (10 mL) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 
Synthesis of (Et 2 Al) 2 (µ-H)[µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ], 2c
Et 2 AlH (0.237 g, 2.76 mmol) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 C 6 H 2 (0.285 g, 1.06 mmol) in n-hexane (10 mL), and the reaction mixture was stirred for 12 h. The solvent was removed in vacuo to give a yellow oil which showed only the signals of 2c and of the excess of Et 2 AlH. 
Synthesis of (iBu 2 Al) 2 (µ-H)[µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ], 2d
iBu 2 AlH (0.292 g, 2.06 mmol) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 C 6 H 2 (0.278 g, 1.03 mmol) in difluorobenzene (2 mL), and the reaction mixture was stirred for 12 h. The solvent was removed in vacuo to give 2d as an analytically pure colourless oil. 
Synthesis of (Me 3 C) 2 Al(µ-H)[µ-C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ]Al(CMe 3 )[C≡C-2,4,6-(Me 3 C) 3 C 6 H 2 ], 3
A solution of (Me 3 C) 2 AlH (0.246 g, 1.73 mmol) in npentane (10 mL) was added at room temperature to a solution of HC≡C-2,4,6-(Me 3 C) 3 
Synthesis of Z-(Me 3 C) 2 Al-(Me 3 Si)C=C(H)-2-iPrC 6 H 4 , 5a
A suspension of Me 3 Si-C≡C-2-iPrC 6 H 4 (0.431 g, 1.99 mmol) in n-hexane (10 mL) was added to a solution of (Me 3 C) 2 
Synthesis of E-(Me 3 C) 2 Ga-(Me 3 Si)C=C(H)-2-iPrC 6 H 4 , 5b
A suspension of Me 3 Si-C≡C-2-iPrC 6 H 4 (0.750 g, 3.47 mmol) in n-hexane (10 mL) was added to a solution of (Me 3 C) 2 Ga-H (0.320 g, 1.73 mmol), and the mixture was stirred under reflux conditions for 3 d. The reaction mixture was concentrated and stored at −45 • C to yield 
153 (2) 153 (2) 153 (2) 153 (2) 153 (2) 153 (2) 153 (2) [48] . The crystal structures were solved by Direct Methods using SHELXTL [49, 50] . Non-hydrogen atoms were first refined isotropically followed by anisotropic refinement by full-matrix least-squares calculations based on F 2 using SHELXTL [49, 51] . Hydrogen atoms were positioned geometrically and allowed to ride on their respective parent atoms, except the bridging hydrogen atoms in compounds 2 and 3 which were refined isotropically. The cocrystallised 1,2-difluorobenzene molecules were disordered in all structures and refined in split positions (1b, 1f, 1h ). In the case of 3 the solvent molecule was only refined isotropically. tert-Butyl groups were disordered and refined in split positions for compounds 1b (0. 
